We investigated relationships between saccadic and vergence components of gaze shifts as ten humans switched visual fixation between targets aligned in the mid-sagittal plane that lay in different vertical directions and at different distances. When fixation was shifted between a higher distant target and a lower near target, peak convergence velocity followed peak vertical saccadic velocity by a median interval of 12 ms. However, when fixation was shifted between a lower distant target and a higher near target, peak convergence velocity followed peak vertical saccadic velocity by a median interval of 76 ms. For the two stimulus arrangements, the median intervals by which peak divergence velocity followed the peak vertical saccadic velocity were 4 ms and 20 ms, respectively. The dissociation interval between the peak velocities of convergence and upward saccades increased with vertical saccade size, required convergence angle and elevation of the endpoint of the movement. Velocity waveforms of vergence responses were more skewed when peak velocity was closely associated with saccadic peak velocity than when the vergence responses were delayed. Convergence peak velocities did not vary in any consistent pattern, but divergence peak velocities were generally smaller with responses that were delayed. Vergence movements were accompanied by small, high-frequency conjugate oscillations, suggesting that omnipause neurons were inhibited for both types of responses. In conclusion, the present findings indicate that the dynamic properties of horizontal vergence movements depend upon the direction and timing of vertical saccades; these findings suggest experimental tests for current models of saccade-vergence interaction.
INTRODUCTION
Binocular, single vision requires that the foveal region of each eye, which contains the highest photoreceptor density, be pointed at the object of interest (Carpenter 1991) . Under natural conditions, we frequently move our point of visual fixation between objects that lie in different directions and at different distances in the environment. The ability to voluntarily 6. Visually guided shifts -Midline: Subjects switched fixation between the far and near targets, which were illuminated alternately, the timing of target appearance being randomized in the range 1.75 -2.75 sec. The direction of the near target was at 0º, and the far target was located 10º and 20º above the near target.
The complete protocol (Paradigms #1 through #6) was tested on four subjects to systematically study the effects of the various factors, with near targets located at 10 cm and 20 cm. We then tested six more subjects using Paradigms #1 and #5 for one of the following arrangements of targets: with the near target located 10 cm away at an elevation (or depression) of 20º, and the far target located 20º below (or above) the near target. We also measured responses with the near target located at 7.5 cm in two subjects who were able to focus on it at this distance. exceeded 10 º/s, and the end as the time at which the speed dropped below 10 º/s. All responses were analyzed interactively using programs written in MATLAB (The Mathworks Inc., Natick, MA). The following were noted for each response: the peak vergence velocity, the peak vertical saccade velocity, the times of peak vergence and vertical saccade velocities, the duration and size of the vergence movement and the duration and size of the vertical saccade. Transient, small divergence movements preceded most convergence responses in Paradigms #1 through #4; the peak velocity of this transient divergence was also recorded. For visually guided shifts (Paradigms #2 and #6), latency of the vertical saccade (defined as the time interval between the target jump and saccade), and latency of the vergence movement (time interval between target jump and vergence) were also noted. In analyzing the vergence velocity waveforms, we found that the skewness of responses varied according to the stimulus (see Results). We defined skewness as the ratio D acc /D, where D acc is the duration from onset of vergence movement to peak velocity, and D is the total duration of the vergence movement (van Opstal and van Gisbergen 1987) .
RESULTS
First, we summarize the general features of responses to the stimuli that we employed. Second, we show how different stimulus conditions affected the temporal dissociation of peak velocities of saccadic and vergence components for the FDNU paradigm. Third, we summarize how the dynamic features of the convergence response were affected when it was dissociated from the saccadic component. Finally, we compare these results with those obtained during control experiments. It should be noted, throughout the paper, that temporal relationships of the Kumar et al. / Directional Asymmetry During Saccade-Vergence Movements Page 10 saccadic and vergence components are based on the timing of respective peak velocity values, and do not refer to time delays in pathways hypothesized to be generating these gaze shifts. Figure 1 shows representative responses from one subject who switched fixation between near and far targets that were positioned with either the far target higher (FUND: panels A and B) or the near target higher (FDNU: panels C and D). With the FUND paradigm, the peak velocities of the saccade and vergence components were similarly timed for both convergence and divergence movements (temporal dissociation was <15 ms). With the FDNU paradigm, peak velocity of the divergence response followed peak saccadic velocity by 34 ms (C) and the peak velocity of the convergence response followed peak saccadic velocity by 66 ms (D). This was a robust phenomenon: all 10 of our subjects showed temporal dissociation of peak velocities of vergence and saccadic components similar to Fig. 1C , D when the near target was higher, but in the other two cases (corresponding to Fig. 1A, B) , peak velocities of vergence components occurred soon after peak saccadic velocity. Note that high-frequency conjugate oscillations occurred during both FDNU and FUND responses.
General features of saccade-vergence responses
Delay of the peak velocity of the vergence component after the peak velocity of the saccadic component, with specified positions of the near and far targets, is summarized for the group of 10 subjects in Fig. 2 . For convergence responses, median delay was 12 ms for the FUND paradigm and 76 ms for the FDNU paradigm; this delay interval was significantly different (Mann-Whitney Rank-Sum test, N 1 =186, N 2 =135, P < 0.001). For divergence responses, median delay was 4 ms for the FUND paradigm and 20 ms for the FDNU paradigm; although there was substantial overlap of data (Fig. 2) this delay interval was significantly Kumar et al. / Directional Asymmetry During Saccade-Vergence Movements Page 11 different (Mann-Whitney Rank-Sum test, N 1 =168, N 2 =139, P < 0.005). Since the dissociation between the peak velocities of vergence and saccadic components was much more pronounced for convergence than divergence components, our analysis is mainly focused on saccadeconvergence movements. Figure 3A -C shows representative saccade-convergence movements from the FDNU paradigm from one subject, illustrating how the range of temporal dissociation between the two components was influenced by change in vergence angle. This dissociation, measured as the interval between the peak velocity of the saccadic and convergence components, ranged between 124 ms and 320 ms. Note how vertical saccades were of similar size in the three records, but temporal dissociation of saccadic and convergence peak velocities increased as the final convergence angle increased. Figure 3D -F shows an increase of the dissociation interval with increase in size of the saccade, even though convergence size was kept constant.
Factors influencing temporal dissociation of saccadic and convergence components
Consistent with prior studies (e.g., Sylvestre et al. 2002) , we noted how conjugate upward saccades are associated, in many normal subjects, with a transient divergence movement. We sought to determine whether this transient divergence could be the explanation for the delayed occurrence of convergence when combined with an upward saccade. The transient divergence is identified by an asterisk in the responses of Fig. 3 ; it is evident that they are small and stereotyped, and invariant with respect to the convergence response that follows. We addressed this issue quantitatively in two subjects, by attempting to correlate the peak velocity of the initial divergence movement and the dissociation interval between peak saccadic and peak convergence velocity; we found no significant correlations. Figure 4B shows that none of these experimental conditions produced significant dissociation of peak velocities of saccadic and convergence components during the FUND paradigm (P>0.1).
Effect of dissociation of saccadic and convergence components on the dynamic features of the convergence response
We analyzed response from four subjects to determine whether the peak velocity of vergence responses differed during FUND versus FDNU paradigms for similar near-target distances. Figure 5 plots vergence peak velocity versus vergence amplitude for the two paradigms for both convergence and divergence. The two clusters of data points for each subject indicate the 20 cm target (smaller vergence angle) and the 10 cm target (greater vergence angle), respectively. The different ranges of vergence amplitudes shown by each subject could be attributed to two factors. The first was differences in inter-ocular distance between subjects, requiring different vergence angles. The second (and most important for Subject 3, who showed the smallest vergence amplitudes) was vergence drifts that preceded and followed the "saccadic" For convergence responses ( Fig. 5A and B) vergence peak velocity was positively correlated with convergence amplitude in all four subjects for both paradigms (coefficient of regression, R 2 >0.28). For divergence responses, two subjects showed a weak positive correlation of divergence peak velocity with amplitude for FUND ( Fig. 5C ), but all showed strong relationships between divergence amplitude and peak velocity for FDNU (Fig. 5D ). We compared peak velocity values for each subject and near target, for FUND or FDNU using a
Kruskal-Wallis One-Way ANOVA on Ranks; results are summarized in Table 1 . For convergence, subjects showed no consistent differences between the two paradigms. However, for divergence, subjects generally showed peak velocities that were greater during the FUND paradigm than during the FDNU paradigm.
We also compared the durations of vergence movements during FUND and FDNU paradigms ( Fig. 6 ). Each subject showed substantial variance of data but vergence amplitude and vergence duration showed strong correlations. We compared duration values for each subject and near target, for FUND or FDNU using a Kruskal-Wallis One-Way ANOVA on Ranks; results are also summarized in Table 1 . Subjects showed no consistent differences with respect to convergence movements between the two paradigms. However, divergence movements during the FDNU paradigm were generally longer than during the FUND paradigm. In the case of divergence movements ( Fig. 7 C-D), there was a weak dependence of divergence peak velocity on the saccadic peak velocity for the FUND paradigm. For the FDNU paradigm, divergence peak velocity showed no correlation or negative correlation with saccadic peak velocity. These results show some similarities with those reported by van Leeuwen et al. (1998) for vertical saccades, but may not be comparable with studies in which vergence movements were combined with horizontal saccades (e.g. Walton and Mays 2003), when intra-saccadic vergence transients probably influence peak vergence velocity.
For each of the four subjects, we investigated whether there was a relation between the timing of the peak vergence velocity and the end of the saccade. However, there was no consistent pattern between the two events; the median time interval (quartiles) between saccade end and vergence peak velocity was 100 ms (70 ms to 137 ms) for Subject 1, 16 ms (-10ms to 52 ms) for Subject 2, 48 ms (26 ms to 79 ms) for Subject 3, and -25 ms (-56 ms to 18 ms) for Subject 4. Figure 8C compares the skewing ratios for vergence responses using pooled data from four subjects. For the FDNU paradigm, convergence responses were 
Results of control experiments
All of the results presented so far concern self-paced shifts of the fixation point. We compared each of the main findings -dissociation of saccadic and convergence components and effects on dynamic properties of convergence responses -with corresponding properties of visually stimulated gaze shifts. We found no systematic or significant differences between selfgenerated or visually stimulated responses. During self-paced shifts of the fixation point between near and far targets aligned on subjects' dominant eye, the dissociation between peak velocities of the vertical saccade and convergence movement was still present for the FDNU paradigm, even though it was the non-dominant eye that generated the vergence movement. For control trials in which the subject was viewing only with the dominant eye (other eye occluded), subjects made mainly vertical saccades and a small or undetectable vergence component.
DISCUSSION
The present study has focused on an exception to the close timing of the vertical saccadic and the horizontal vergence components of combined saccade-vergence movements (Enright 1984; Zee et al. 1992; Collewijn et al. 1995) . On the one hand, we confirm that when the far that when the far target is positioned lower than the near target (FDNU paradigm), convergence peak velocity follows the saccadic velocity peak by a median interval of 76 ms (Fig. 2) . We also report increased separation between the timing of peak velocity of vertical saccades and divergence movements for FDNU movements (median 20 ms) when compared to FUND movements (median 4 ms). This behavior was a consistent and robust finding in 10 normal subjects. A similar dissociation of saccadic and vergence components is evident in the versionvergence plots of FDNU responses reported by van Leeuwen et al (1998 -their Fig. 7 ), although they did not measure the temporal dissociation of the two components.
In discussing these findings, first, we review the experimental conditions that favor dissociation of the two components, second, we consider possible mechanisms by which saccades may influence the dynamic properties of vergence movements, and finally we suggest possible implications of our findings for current models for saccade-vergence interaction.
Factors favoring temporal dissociation of saccadic and convergence components
We systematically studied FDNU responses in four subjects and showed that the delay of the convergence peak velocity increased with larger vertical saccades, larger convergence movements and, to a lesser extent, with higher end-positions of the saccade (Fig. 4) . Most natural shifts of the point of fixation are between objects that are located nearer and lower versus farther and higher. This is partly due to our hands usually being held below our heads during most behaviors (e.g., during reading). Only occasionally do we view close objects that lie above our eyes, and most subjects find it somewhat of a strain to sustain such a gaze angle, whereas Kumar et al. / Directional Asymmetry During Saccade-Vergence Movements Page 17 divergence from this position is relatively effortless. Thus, the behavior that we mainly studied is somewhat unusual, although no subject had any difficulty in performing the gaze shifts. When asked to perform such gaze shifts, in all of our subjects, the peak velocity of the saccadic component preceded the peak velocity of the convergence component. We wondered whether this response could be due to a nonlinearity of orbital mechanics when the eye was in "near-up" gaze. However, the dissociation occurred even when the ending position corresponded to the middle of the orbital range, provided the starting point for the saccade was lower. Indeed, we found that dissociation of the peak velocity of the two components was influenced more by vertical saccade size and convergence amplitude than by saccade endpoint (Fig. 4) . It seems possible that the dynamic properties of convergence components during FDNU movements may be different because these movements are seldom used during natural behavior. Further experiments might establish whether these dynamic properties adapt during systematic FDNU training.
We also considered whether temporal dissociation of saccadic and convergence responses could be due to the transient divergence that accompanies upward saccades in some subjects (Maxwell and King 1992; Zee et al. 1992; Sylvestre et al. 2002) . However, as indicated by the asterisks in Fig. 3 , such divergence movements are quite small and occur much earlier than the delayed convergence. Moreover, we found no correlations between the peak velocity of the initial divergence movement and the dissociation interval (time between peak saccadic and peak convergence velocity).
Divergence from a high, near target also produced dissociation of saccadic and vergence components, but this was not as pronounced as for convergence movements. Divergence responses that were delayed after the saccadic component were generally slower and lasted
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longer, unlike the speed and duration of convergence responses, which did not vary in any consistent pattern between the two paradigms (Fig. 5) . Divergence movements also remained skewed (Fig. 8C) , unlike convergence responses to the FDNU paradigm. These different behavioral properties are consistent with the electrophysiological findings of separate populations of divergence and convergence burst neurons (Mays 1984).
Possible mechanisms for interactions between saccades and vergence
Our findings indicate that the dynamic properties of convergence and divergence are Percentiles are as in Fig. 3 . See text for details. 
